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j{ FAREWORD
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E: Prediction and Verification of Thrust and Drag." It has been updated to reflect the 'ﬁpzé
- constructive comments of a peer review group. This document could be used well as W\

* an introductory reference text for new propulsion integration engineers or as a &ﬁ?ﬁ

3 reference for non-propulsion engineers. Eéif?
L R
g The author acknowledges the contribution to this work by Gordon Tamplin, é;ﬂ;f
- specificallv the Basic Definitions Section, and by members of the Airframe Pro- ;;rig

z pulsion Integration Group, specifically Donald Stava, Dennis Sedlock and Lewis

Surber,
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INTRODUCTION .

Aircraft propulsion systems are sized to satisfy critical mission points, such
as subsonic cruise or high altitude takeoff for transports and maximum acceleration
or high altitude dash for tactical aircraft. This sizing determines the flow areas
required and the extent of variable geometry to be incorporated in the inlet and
nozzle. Any time the aircraft flies at other than these design points, the pro-
pulsion system is operating in an off-design condition with resultant performance
ﬂf penalties. Throttle dependent forces are a result of changes in engine power

}i setting and the subsequent inlet and nozzle geometry and flow variations. The issue
' of throttle dependent forces becomes more critical as aircraft are required to
k operate over wider Mach number ranges, as is the case for tactical aircraft, or to

*f finer performance tolerances, as is the case for transports.

For tactical aircraft, Reference 1 points out that increasing the maximum

design Mach numher leads to larger inlet capture areas and therefore greater off-
design losses when aperating at subsonic cruise Mach numbers. In addition, the
required nozzle area is increased, producing large drag penalties as a result of

high nozzle boattail anales at reduced Mach numbers. Two examples of inlet/nozzle
area variability for a Mach 2.5 tactical aircraft are shown in Figures 1 and 2. For
this aircraft's mission, the engine airflow requirement can range from 60 to 100 SO
percent of that air which can be brought into the propulsion system. When operating
at capture area ratios that are substantially less than 1,0, the penalty from el
spilled excess air can be substantial. The nozzle area variation, as a function of S
Mach number and engine flow, is shown in Figure ?. For efficient internal per-
formance across the aircraft mission profile, the nozzle exit to throat area ratio
must vary from 1.0 to 2.6. The associated external geometry variations can result
in drag penalties during subsonic cruise. The combined impact (inlet and nozzle
flow and geometry) of these penalties on specific fuel consumption (pounds of fuel
per pound of thrust per hour...obviously the smaller the better) for a Mach 2.5
aircraft at Mach 0.9 cruise can be large.

Although not required to operate over the wide Mach number range required for
tactical aircraft, the subsonic transport is driven by a requirement for finely
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tuned performance. The subsonic inlet is sized for cruise altitude and Mach number
and generally carries no variable geometry other than blow-in doors for additional
inlet area at takeoff. For this class of installation, correct determination of
throttle dependent forces is necessary to guarantee the minimum required installed
engine performance crucial to the air transport industry. The relative values of
spillage drag for a supersonic inlet versus a subsonic inlet are shown in Figure 3.

The importance attributed to throttle dependent forces, for both tactical and
subsonic transport aircraft, is demonstrated by the many past and ongoing efforts to
determine their consequence across the flight regime. To aid in the understanding
of this critical area, this report will provide basic definitions, examples at
various flight points, and an examination of techniques for determining these

farces.

PRE — ENTRY FORCE

SHARP LIPPED
SUPERSONK
INTAKE

AllS'k
SUBSONIC INTAKE

Figure 3. Typical Subsonic Spillage Drag Curves (Reference a)
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SECTION II

BASIC CONCEPTS AND EXAMPLES

Throttle dependent forces include all internal and external forces acting on
the aircraft that are produced when the engine power setting is changed. These
forces are not only the forces on the engine streamtube but also the external forces
nn the aircraft related to the inlet and nozzle flow fields. A complete set of
basic definitions relevant to throttle dependent forces are included at the end of
this report. This section will present concepts and examples relating to primary
inlet and nozzle throttle dependent forces.

1.  SUPERSONIC/TRANSONIC AIRCRAFT INLETS

An aircraft inlet captures freestream air and reduces its velocity so the
engine can process it in a stable and efficient manner. Ir order to minimize
compressor work, inlet diffusion should be accomplished with a minimum of total
pressure 1nss. The inlet should also deliver the working fluid with minimum dis-
tortion, all over a wide range of Mach number, angle-of-attack, angle-of-sideslip,
and engine demand. The supersonic inlet for a tactical aircraft must also be sized
to provide a maximum demand airflow which usually occurs at maneuver or acceleration
conditions. When the aircraft is at a subsonic cruise condition, however, the
engine needs to process only a limited mass flow associated with 40-60 percent
maximum dry thrust. The inlet, however, is still capable of processing larger mass
flow closer to maximum demand. Figure 4 illustrates the excess airflow the inlet
provides at flight conditions helow the Mach 3.0 desiqgn condition. The forces
resulting from handling this excess air are referred to as spillaae drag and bypass
drag. The general flow conditions for a supersonic inlet are shown in Figure 5.

Spillage drag is the result of the inlet operatina on freestream air beyond
that demanded by the engine and consists of additive drag and 1ip suction com-
ponents, Additive drag (also referred to as pre-entry drag) is a calculated force
used in thrust-drag bookkeeping procedures and is the loss in momentum from the
freestream to the inlet entrance of the flow influenced by the inlet capture area,
Ac. For a Mach 3.0 cruise aircraft, the additive drag can be as much as 20 percent
of the total drag at subsonic cruise point (Reference 6). Lip suction, sometimes
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referred to as cow! drag or cowl suction, is the result of the spilled inlet airflow
moving along the external inlet cowl surface. This term may be a positive or
negative (usually) axial force depending on the flow characteristics and surface
contours. Spillage draq is the sum of additive drag and 1ip suction and is a
function of inlet mass flow (or throttle setting). Generally, the spillage drag
decreases as engine demand mass flow increases (Figure 6).

A portion of the air taken into the inlet mav not be used to produce engine
thrust. This excess airflow, or bypass air, is brought on beard the aircraft,
worked by the inlet compression system and then dumped overboard upstream of the
enqire face through doors or slots or routed to the nozzle. This results in a force
Aue to the loss in momentum in the flight direction between freestream and the door
nr slot exit conditions and the change in Tocal forces on external surfaces in-
fluenced by the bypassed air. As will be seen in the examples, this bypass flow can
affect not only 1ift and drag, but also aircraft stability and contrnl. The bypass
draa and spillage drag are related and can be traded off against each other. Roth
are a functien of inlet mass flow (Figure 7) and are counted as a part of the inlet
drag. Advanced technology engines such as the variable cyvcle engine or high airflow
o»ngine may reduce spillage and bypass drag by keepina engine airflow demand high
cver all operating conditions. Engine weight, size, ard complexity, however, must

pe traded ag2inst reduced inlet throttle dependent forces.

The contrel of the shock wave position and prevention of shock induced flow
separation in the inlet can be accomplished bv bleeding houndary air from the inlet
ramps, cowls, or sidewalls and dumping that flow overboard. This produces forces
similar to the bypass flew which must be considered in supersonic inlet throttle

dependent forces.

O.  SUPERSONIC/TRANSONTIC ATRCRAFT NOZZLES

Traditionally, the nozzle has functioned as an engine control valve and as a
device tr accelerate the engire flow, convertina the thermal energv of the enair
flow to jet kinctic energy. For these processes to bhe efficiert, aeometry should b
variable, The ferces related to throttle positien chanqges are qross threct

{internal) and external nozzle boattail and hase draq. Another related throttie

donendent force is jet irterference, the aercdvnamic interaction af the oxhaye!
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plume with nearby aircraft surfaces. Nozzle pressure ratio is a parameter which
relates freestream Mach number and engine airflow at the nozzle throat (especially
at afterburning power and above) and is dependent on engine airflow in much the same
way as mass flow ratio relates inlet performance to engine airflow. It is defined
as the ratio of the total pressure at the nozzle throat to the freestream static

pressure,

Typical nozzle internal performance, as a function of nozzle pressure ratio and
nozzle area ratio, is shown in Figure 8. No nne area ratio provides optimum thrust
across the nozzle pressure ratio range. This leads to variable area nozzles and the
geometry changes which create external throttle dependent forces. Representative
variable geometry nozzle changes are shown in Figure 9. Note the area ratio (Ag/Aa)
and boattail angle changes at the three power settings. Typical! external drag
coefficients as a function of nozzle exit area are shown in Figure 10. W4ith the
maximum external cross sectional area (Alo) fixed, the changing exit area (Aq)
results in external geometry changes and draag variations across the Mach numher
spectrum. Also as nozzle airflow and exit pressure vary, the plume shape and its
influence changes the afterbodv drag. Figure 11 illustrates the influence of the
plume at subsonic and supersonic freestream conditions. In subsonic flow, the plume
turns and entrains the external flow, producing a strong upstream influence. In
supersonic freestream flow, the typical plume becomes "snlid" and produces a shock
system which can impact adjacent aircraft surfaces. In addition, even in supersonic
flow, the jet exhaust can influence the external rozzle forces for a short distance
upstream through the subsonic boundary laver. Boattail drag results from external
air flowing over the afterbody and producing a nonpotential flow pressure dis-
tribution. This flow is affected by boundary layer displacement on the boattaj1
surface which can be large due to an adverse pressure qradient at the nozzle/plume
iunction, In the extreme case, a large boattail angle or a strong shock at the

nozzle plume junction can result in flow separation and increased drag.

The base drag of the nozzle is dependent on the nozzle pressure ratio. For
small base areas, increasing nozzle pressure ratio pressurizes the base area and
decreases draq. Larqer base arcas may result in increased drag, due to steeper

turning angles at the boattail plume junction. A typical functional relationship
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\ between base area and base, boattail, and total afterbodv drag is shown in Figure
I 12. 1t should be noted that mnst modern aircraft have extremely small base areas.

A summary of the primary throttle dependent forces for supersonic/transonic
aircraft is presented in Figure 13. Inlet capture area and nozzle exit areas become
| larger as the maximum Mach number, which usually sizes the propulsion system, is
increased. Thus inlet spillage drag and afterbody drag become strong factors during

off design operation, especially during the subsonic cruise mission leg.

i 3.  OTHER TACTICAL AIRCRAFT THROTTLE DEPENDENT FORCES e q

Other related throttle dependent considerations are inlet total pressure =
distortion and pressure recovery, tail interference and jet-induced effects. T

; One measure of the quali.y of the flow that the inlet provides to the enaine 5ﬁﬂf’
face is the total pressure distortion, This phenomenon is always present in some N ?
degree but is not a factor unless the engine surges and there is a loss of thrust. -;;j;;

. Inlet pressure recovery, the measure of total pressure lnss of the inlet streamtube ;f;}f

I from freestream to the engine face, is not a direct throttle dependent force, but is - ‘

directly related to changing engine mass flow or inlet geometry.

Any aircraft surface near the iet plume can be influenced by throttle positior. \ j
An example of the change in normal force on a horizontal tail, as a function of ffﬁf*
anqle-of-attack and jet on/off, is presented in Figure 14. The high tail shows no 7i;:ﬁ
iet influence, while the Tey tail is strongly influenced by the presence of the jet. el

}

1

Further indirect throttle dependent forces can result from 1ift and moments --w$
qenerated on inlet and nozzle surfaces and from induced 1ift and moments on adjacent »
aircraft 1ifting surfaces. If trim changes are required to balance these forces, a fff}!

throttle dependent trim drag will occur. A graphical presentation of the change in
pressure distribution nn a wing with close coupled iet plume is shown in Figure 15.
This change in pressure distribution produces an increment of total aircraft 1ift,
drag, and pitching moment which is dependent on enaine throttle settinc. This
influence is well documented and advanced aircraft are currently being confiqured to

take advantage nf this effect,

; M
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Figure 12. Effect of Base Size on Boattail-, Base-, and Total Pressure
Drag (Reference 3)
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4,  EXAMPLES - SUPERSONIC/TRANSONIC AIRCRAFT THROTTLE DEPENDENT
FORCES

F-15

The F-15 aircraft, shown in Figure 16, has variable inlets and exhaust nozzles
and offers good examples of throttle dependent forces. The inlet (Figure 17) has a
variable second and third ramp and variable capture area achieved by rotating the
inlet about a transverse hinge point at the lower cowl 1ip. This rotating inlet,
which is well forward of the center-of-gravity, has a significant effect on aircraft
Tongitudinal stability and control across the subsoric/transonic Mach number spectrum
nf the F-15. Other components of throttle dependent forces, spillage drag and
hleed/bypass draaq are illustrated in Fiqure 18. The resulting forces and their
contribution to the total inlet drag as a function of inlet capture ratio is
presented in Figure 19. Note, as discussed ecarlier, the cowl drag partially offsets
the additive drag. A wind tunnel model with independent inlet and airframe force
halances provided an indication of the effect of varving inlet mass flow on separate
inlet and aircraft forces. When comparing these forces {Figure 20) a favorabhle
interaction is evident above an inlet capture area ratio of 0.5 as the inlet drag is
increasing as the aircraft drag is decreasing., This interaction was identified by
surface pressures to be at least partially the result of flow over the boundarv
layer diverter and aun fairing surfaces. The F-15 nozzle, required to pass engine
airflows for flight up to 7.5 Mach number and efficiently produce thrust, can have
boattail angles ranaing from 8 to 18 deqrees. The resulting nozzle drag variation
{Figure 21) acrnss the flight regime can be from ? to 44 drag counts as boattail

angle increases.

YB-70

For large supersonic/transonic aircraft with high airflow propulsion svstems,
the throttle dependent forces are reflected in total drag ard aircraft stability and
control. The XB-70, with & engines, dumped bleed and bypass flow at various
Tocations around the aircraf€t (Figure 27). As a result, the percent of total
airplane drag a*tributed to these flows is as much as 10 percent in supersonic
flight (Figure 23). The bypass operation also affected aircraft stability and
control illustrated in Figure 24. It is seen that ro'ling moment and pitching
moment were strong functions of bvpass door opening. The overall aircraft drao

change with power lever angle at two Mach numbers is shown in Figure 25. \lhile this
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Figure 16. F-15 Three-view Drawing (Reference 9)
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Upper cow! drag ——>

Free-stream H

stream thrust .
' Ao Sideplate drag ——

'_}_ /< Streamthrust in .
Additive drag — ~x

—
Lower cow! drag

inlet drag = Additive drag + Upper cow! drag + Lower cow! drag + Sideplate dray
where
Additive drag = Drag on three ramps + Stream thrust in inlet throat - free-stream stream thrust

(a) Relationships used in the calculation of pressure integrated inlet drag

Bleed airfions
Second  pp;,
M amp Sideplates Bypass door
/ "A——_—f
L

Throat
c ,
1 Total inlet flow —> Fourth ramp

_V-—-{ —————————— Engine dirflon —o

A
spilled

Ao = J(Bleed airflows) ¢+ Engine airflow

(b) Diogram showing sum of inlet captured stream tube area (A o and :
geometric capture areu (Ac). _—

Figure 18. General Terms for Pressure-Integrated Inlet Drags and Inlet
Capture Ratios (Reference 9) ¥
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Figure 19,

< Figure 20,
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@

six engine installation is not typical, note that nearly one-third of the change is

base drag.

5.  SUBSONTC AIRCRAFT INLETS/NOZZLES

The propulsion system for subsonic aircraft, while not required to respond to

. the large engine mass flow changes of supersonic aircraft, is required to produce
high lTevels nt performance in sometimes very complicated aircraft integrations. The
engine s usually podded under a wing or on the fuselage to take advantage of high
energy freestream flow and is usually designed to satisfy the maximum airflow
requirement with the smallest pnssible inlet capture area. Further, driven by
weight considerations, the subsonic inlet design will not 1ikely have bleed/bypass
provisions and the problems of off-design operation increase. The inlet may incor-
porate blow-in-doors to handle the extra airflow required for takeoff (compared with
cruise airflow) to avoid an oversized inlet for cruise. A typical wina pylon/nacelle
installation (Figure 26) shows the potential for throttle dependent forces around
*he inlet, the afterbody/nonzzle, the pylon and the wing. For an aircraft with short
takeoff and landing (STOL) requirements, configurations such as the Boeing YC-14
(Figure 27) with upper surface blowing have been proposed. The high degree of
potential engine/aircraft interaction is obvious. Any engine airflow changes will
affect not only the inlet flow field and the airframe in the proximity of the inlet
but also the flow on the wing upper surface, changing the 1ift, drag, and pitching
moment characteristics of the aircraft.

The subsonic inlet generally has rounded cowl lips and is sized for a capture
ratio (Ao/Ai) near unity at cruise. Figure 28 presents the subsonic inlet flow
character for a range of mass flows and illustrates the changing stagnation point,

S, which directly relates to both components of spillage drag, i.e. additive drag
and cowl lip suction. With a velocity ratio greater than 1, the flow stagnates
outside the cowl and part of the captured flow rapidly accelerates around the cowl. ;
This can produce flow separation on inside cowl surfaces, resultinrg in reduced ;"1*
ergine face total pressure recovery and reduced thrust. This problem is especially ]
critical for STOL aircraft, which have climb-out angles typically around 40-50
degrees and flow stagnation on part of the racelle on the outside cow) surfaces.
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Figure 2h. Maior Elements of Yina/Pylon/Nacelle Flow Field (Reference 14}

Figure ?7. BRoeina Advanced Medium STOL Transport (Reference 15)
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Changes in inlet and nozzle flow can affect the engine cow), pylon and wing
surface pressures. Reference 16 attributes up to 2.5 percent of the total aircraft
drag to this interaction, a3 significant factor for transports where a few drag
counts are critical to the success of a commercial operator. For an aircraft with
upper surface blowing, the jet obviously changes the wing forces and both con-
ventional and advanced installations will experience throttle dependent 1ift, drag,
and pitching moment changes.

6.  EXAMPLES-SUBSONTC ATRCRAFT THROTTLE DEPFNDENT FORCES

Airbus A300B

The Airbus A300B nacelle (Figure 29) is a good example of a transport propul-
sion installatior with throttle dependent forces. The changes in pressure dis-
tribution on the wing lower surface, pylon, core engine cowl, and fan cowl as the
iet is changed from flow-through (natural flow) to an exhaust flow simulation are
presented in Figure 30. The largest chanage in pressure distribution is on the core
engine cowl, with smaller chanaes on the pylon, fan cowl and wing. These pressure
distribution changes with different jet conditions result in the pressure drag
coefficient increments shown in Figure 31. Note the core engine cowl drag is
somewhat offset by the other contributors.

S2A

The NASA Ouiet Short-Haul Research Aircratt (OSRA) is an example of propulsive
1if+ transport with strong throttle dependent effects. The aircraft (Figure 32) has
» 4 engine nacelle-over-wing propulsion installation similar to other upper surface
blowing configurations. The engine exhaust flows over the upper wing and flaps so
changes in throttle settina affect aircraft 1ift, drag and pitchino moment. Total
aircret1 1ift coefficient at takeoff, Fiaure 33, shows the 1ift dependence or engine
rpm.  Total 1ift coefficient at 100 percent thrust (curve A) is appreciably areater
than the total 1ift coefficient at 60 pe.cent thrust (curve B). lhen the total 1ift
generated with the direct thrust component is removed from both curves A and B,
Curve C results. This 1ift curve is approximately 17 percent higher across the
angle-nf-attack range than the bhasic wing 1ift curve, curve D. Clearly, the throttle
dependent interactior of the propulsive flow and the airframe is a large contributer

to the mission performance of this aircraft.
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AGM-109

The throttle dependent forces for cruise missiles follow the trends exhibited
in larger aircraft. For the AGM-109 cruise missile (Figure 34) spillage drag
increases with decreasing engine mass flow demand (Figure 35) and the boattail/base
drag first decreases and then increases with increasing nozzle pressure ratio
(Figure 36).
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Figure 34. AGM-109 Three View Drawing (Reference 18)
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Figure 36. Boattail-base Draa Variation with Nozzle Pressure Ratio
(Reference 18)

30




ST T T T T AL LT NN W NN U TR TN,

AFWAL-TR-85-3055

SECTION III

DETERMINATION OF THROTTLE DEPENDENT FORCES

T T T

Since the measurement of throttle dependent forces in flight is genmerally not %5}
possible, experimental results from wind tunnels and analytical techniques are used. £
This section will present tools and technigques for the experimental and analytical Ej{f
estimation of these forces. :jf;
1. EXPERIMENTAL TECHNIQUES ?51:

The experimental approach for determining throttie dependent forces is based on
the thrust/drag accounting system typically established for aircraft systems. This
system orderlv assembles force increments from various wind tunnel models to correct

a refererce configuration to a full scale aircraft. Three different models are i
typically used: an aerodynamic force and moment model, an inlet model, and a nozzle iﬁﬁf
(jet effects) model (Figure 37). The aerodynamic force and moment mode! is the Et%;
aerodynamic reference configquration which usually has a simple inlet and nozzle ili?
geometry representation. This model is typically 4-7% scale for fighter aircraft, ;.7,

usually sting supported, fully metric, and uses a flow-through duct propulsion
system simulation.

The inlet spillage model, or inlet drag model, usually simulates only a partial ;t;,
aircraft. The fuselage forebody and inlet are modeled, though the fuselage is often o
only represented to approximately 3 inlet heights downstream (Reference 4), At
least partial span wings should be present to the extent needed to account for all .
areas affected by the inlet flow field. This model is larger than the aerodynamic —
force and moment model (10-15 percent scale): is equipped with suction at low speed
or relies on ram air for inlet flow; is instrumented with pressures at the engine

T
A

face (rake) and on cow! surfaces; accurately represents the inlet geometry; incor-

R porates simulation of bleed, bypass and auxiliary doors if necessary; and measures ;T,_
o the total inlet forces with a force balance. Sl
%Y The accuracy of the mass flow through the inlet is especially important with n i
¥ - . . . B S~
o typical accuracies of mass flow quoted to + 0.5 percent (Reference 16). The spil- —_—

lage drag, as well as bleed and bypass forces, can be determined from pressures or R
) 31
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force balances. Representative inlet spillage models are shown in Figure 38. The
F-15 model in this example is supported by two flow-through sting tubes and is
instrumented with two force balances and multiple surface pressures.

The jet effects model is used to determine throttle dependent forces due to the
exhaust plume and to the variable geometry. The model generally duplicates aircraft

Tines although usually only the afterbedy is metric, i.e. on the force balance.

- _ High pressure cold air over a range of nozzle pressure ratios is generally used to
: represent the nozzle flow. The model may be supported in a number of ways

Fi (Figure 39) though the wingtip support is often preferred. Experimental parameters
. include nozzle pressure ratio, nozzle boattail angle, nozzle internal area ratio,
angle-of-attack and Mach number. Instrumentation for this model generally consists
of force balances which measure afterhody drag or thrust-minus-drag and surface

pressures which may be integrated to determine the nozzle forces.

While experimental determination of throttle dependent forces for subsonic
transports uses an approach similar to that used for tactical aircraft, the reauire-
ment to guarantee aircraft performance to the commercial operator prior to the
aircraft sale puts increased emphasis on accuracy. Propulsion forces which depend
on nacelle shape, pylon placement and complex jet exhaust interactions require
careful calibration of massflow and controlled testing. On a short nacelle, the
simultaneous simulation of the inlet and nozzle flow often requires the use of
propulsion simulators, which add to cost and model complexity. Typical model
testing techniques for transport aircraft are shown in Figure 40.

The selection of model hardware to determine throttle dependent forces is
driven by factors present in all wind tunnel tests. The resources available limit
the overall achievable test objectives which in turn define the model complexity and
therefore the test approach. Issues include: model size versus accuracy; use of
force balances versus pressure area integration; extent of aircraft and propulsion
stream simulation; Reynolds number simulation; availahble hardware, facility, and
cost. Each test presents individual problems in sizing, model internal space, data
reduction and corrections, and other items which impact the desired and achievable
accuracy (Reference 20). All test variables involved must be closely examined and
compared, so that the most effective compromises can be made between what is desired
and what is feasible.
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2. DIFFICULTIES IN EXPERIMENTAL TESTING

Reference 1 identifies several difficulties in wind tunnel determination of
inlet and nozzle throttle dependent forces, including errors in parameter matching,
, inadequate flow field simulation, model support influence, and tunnel effects such
i as blockage and buoyancy. Other wind tunnel considerations are the method of
propulsion flow simulation, model support testing options, measurement and deter-
mination of forces, and determination of accuracy and repeatability.

The simulation of the propulsion stream has been and is currently the subject

of a great deal of research and debate. Current techniques used in wind tunnel
testing are presented in Fiaure 41. For the inlet spillage model, the inlet flow
rnust be correctly simulated to give proper levels of spillage drag, cowl drag and
inlet flow/aircraft interactions. The location of the stagnation point on a trans-
port nacelle, for example, should match between wind tunnel and flight to provide
comparable inlet flow. This flow can be simulated by active suction for low speed
conditions or rely on ram air and a variable position mass flow plug for higher Mach
' numbers. For aircraft that have independent inlet and nozzle flow fields, these
techniques are adequate. When changes in the inlet mass flow and/or geometry do not
affect the aircraft afterbody flow, or if changes in the exhaust nozzle geometry or
exhaust flow do not appear to affect the flow around the inlet, the inlet and nozzle
i flowfields are determined to be independent. If the flowfields do interact, as in a
transport nacelle, the propulsion system is called "short coupled" or "closely
coupled"”. There is no convention for determining if an aircraft propulsion system
is clnse coupled or independent. Depending on the particular installation and the
overall propulsion system Tength, interactions can range from ncne at all to major.
This issue has been the driver behind development of turbine and ejector powered
propulsion stream simulators for tactical aircraft wind tunnel models. For closely
coupled inlet/nozzle flows, typically encountered in transports, these special
techniques may be required. Turbine simulators are small compressors with high
pressure air turbine or electric motor drive. This technique has been utilized with
success on transport nacelles and is being investigated for close-coupled fighter
aircraft. The turbine simulator matches most inlet and nozzle flow conditions, but
can be mechanically compiex and does not account for temperature. Ejector simulators
use a propulsive pumping action tn control the inlet/nozzle flow at point desian
;j conditions. Although primarily emphasized in the European technical community,

p 37
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these simulators have been investigated at Arnold Engineering Development Center,
with best results achieved at transonic/supersonic Mach numbers. The whole array of
propulsion stream simulation techniques for jet transport aircraft is shown in
Figures 4?2 and 43. These approaches are gererally applicable for fighter aircraft
as well. Correct simulation of the inlet and nozzle flows must be considered when
threottle dependent forces are to be determined.

Exhaust nozzle flow from a jet engine is characterized by the nozzle pressure
ratio, gas temperature, gas combustion products, total pressure, total temperature
distortions, swirl, and turbulence. Perhaps because it is not possihle to simulate
all parameters in a part scale wind tunnel model, one source (Reference 20)
states: “"the jet should be simulated as simply as possible." This has led to a
variety of techniques for jet plume simulation, the most common being the use of
high pressure cold air. Such a simulation is relatively easy to control and incor-
porate into a wind tunnel model. This technique, however, accounts for only the
nozzle pressure ratio jet parameter. Solid plume simulators have also been used
with different fairings to simulate nozzle pressure ratio changes. This technique
partially accounts for the nozzle pressure ratio effect using a calculated plume
shape to fabricate model plume contours but does not provide for iet entrain-
ment/mixing effects. A hybrid jet simulation which can double as a model support
system is an annular-jet. The model is supported by a stina(s) through the nozzle,
and high pressure air is ducted around the sting (Figure 44). This technique o¢fers
promise but has limited angle-of-attack and jet simulation capability.

In experiments where hot and cold exhaust plumes have been utilized to deter-
mine nozzle boattail forces, the cold jet concistently had higher heattail drau
values than a hot jet at similar nozzle pressure ratios. This is due to different
rlume shapes and entrainment characteristics, with the largest differences occurring
for Targe boattail angles at high transonic Mach numhers. Fffects of exhaust
temperature has been simulated using gases having different ratios of specific heat,
by burning ethylene in the nnzzle plenum, or by using real engines. \ihile these
approximately simulate the real exhaust jet, it adds cost and complexity to an
already difficult mndel, An approximate cnrrection for temperature effects can he
achieved bv increasing the cold jet reozzle pressure ratio tn produce a maximum plume
diameter for the corresponding hnt jet.

39
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»
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Figure 42. Types of Nacelle Simylators (Reference 23)
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Jet Effects Mndel (Reference 22)
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The assumption that the inlet and nozzle flow fields are independent allows
separate determination of inlet and nozzle throttle dependent forces. However, if
the inlet is faired over, as in a jet effects model, the entire flow is spilled and
can change the aerodynamic character of the afterbody/nozzle (Reference 22).
Simultaneous simulation of the inlet-nozzle flow is limited by available wind tunnel
testing techniques. Figure 45 demonstrates the impact of inlet fairing. The
illustration compares the changes in afterbody/nozzle drag for two aircraft models.
Note that probably neither the inlet fairing nor the dead end inlet is a correct
simulation and that 1ift and pitching moment are also affected. This is a necessary
compromise for most research and development efforts.

One reason it is not possible to test an accurate scale version of the complete
aircraft is that wind tunnel models have support systems which interfere with the
flow field and perhaps compromise the data. The quest for interference free support
systems has led to a number of concepts for both transports and fighter aircraft.
Figure 46 shows stings, plates, half-models, and wingtip supports, all utilized for
transport configuration tests. Representative support techniques for a fighter
aircraft model are presented in Figure 47. Each support system has its own set of

deficiencies, and all have a strong transonic influence. According to Glidewell
(Reference 22) and Kennedy (Reference 25), a strut support can be properly designed
for subsonic or supersonic use; however, such a support can be a large contributor
to blockage and interference transonically. The wingtip support minimizes blockage
and interference but distorts aircraft wing lines on the outer wing span and limits
medel metric arrangements. The dual sting and annular sting support system provides
minimum blockage and interference but as previously mentioned, is limited in
angle-of-attack and jet simulation capability. Regardless of the support system,

the support influence could be determined either by calculating local pressures near
the support system, or by special support testing where an alternate support is used

to hold the model and the primarv support is tested on and off to measure the

support interference. The choice of a model support system depends on the test
objective, test facility, existing hardware, and cost. For throttle dependent force
determination, the support system should be tailored for minimum interference.

The experimental techniques previously described require use of a force balance
and pressure measurements. A typical jet effects model with a non-metric section

and two separate metric sections is shown in Figure 48. The use of one or both
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Figure 45, Inlet Fairing Effects on Afterbody Drag (Reference 7)
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techniques is a much discussed and controversial area. How much, if any, of the
aircraft model should be metric? Can surface pressures and pressure area integra-
tion accurately determine throttle dependent forces? The presence of a metric break
on a model can impact the downstream flow, creating discontinuities in surface
pressure distributions. In addition, the presence of a physical gap in the model
separating metric and nonmetric sections necessitates additional data corrections
for metric break seal and cavity forces. Reference 25 presents data for a nacelle
with a metric afterbody (Figure 49). In this test arrangement, the balance loads

and the corrections (metric seal and cavity pressure) are the same magnitude at
subsonic and supersonic Mach numbers, Figure 50. The issue of close coupled ?;‘i
inlet/nozzle flows has opened the question of how much of the aircraft must be _ '
modeled and how much must be metric. DNata such as Figure 51 indicates that the ;f{f

throttle dependent change in aircraft afterbody pressure distribution with nozzle

power setting can continue upstream of the maximum cross section station usually

chosen for the start of the metric section. The current "guidance" from a number of B

sources on metric bhreak placement is varied: i?i{

(1) TIsolate the smallest model piece to satisfy the test objectives with 2&";

greatest accuracy (Reference 7). fh:":

(2) 1f disturbances from inlet/nozzle flow carry far upstream or downstream, a ﬁf?ﬁe

large part of the aircraft must not only be simulated but also must be 'EC;E

metric. T

(3) Other sources (Reference 1, 26) recommend as much of the aircraft as E:;:;
possible be on a force balance with the entire aircraft metric if allow- N

able. ARy

Obviously the solution of the extent of the model required to be metric is not e
absolute. Other factors which complicate experimental determination of throttle -
dependent forces are accuracy and repeatability of data and wind tunnel effects.
Accuracy, as defined bv Reference 19, is the uncertainty of a value due *o systematic
or bias error. Accuracy can be improved by careful calibration and controlled test
techniques; however, Jaarsma (Reference 20) notes that accuracy is difficult to
assess hecause overall accuracy includes a comhination of the effects of many Dk
instruments such as mass flow meters, pressure transducers, thermocouples, and force
balances. As stated previnusly, each model test apparatus presents individual B
problems in sizina, restricted internal space, pressure corrections, metric break w <
seal restraints, thermal expansion, clearances, and other items which make any
aereral statement of achievahle accuracy suspect [Reference 20). §gﬂ:

47

-~ -

.........................................................

...............................................................................................

......................................................
.........




At il

Aulef Sk S 4

g

G St Rad it

AFWAL-TR-85-3055

{G¢ 9OUBUISIY) UOLIEANDLIUO) 31 (3B 9duR| ey 9d404

‘bp dunbiL4

SOUIU| V) suojsuIwq 000 22
SN sueeg 2
utd
ouesY ‘& \‘ ‘-l“‘- - “
olja%eN hamrai=tn S i
YojzoN—Y flllllll; N MM :
W
cncmaand ‘\
@1l
SN
¥e.g J1RaW
L
Yuri~—F~ -1
9%26°1
L_ - pripindegindudugia
A L e L LY o
04nssaug- ybiy

e

.

2




AFWAL-TR-85-3055
24.0 co "
i A
Yorce ’
20.0} ’
16.0 ‘
2 o
i %
3 12.0
Balance Metric ’
- Meagured Split Seal ’
< Load Correction ’
< sof ¢ 7 ’
/ Cavity / A ’
Pressure
ok /Corrocuon / Labyrinth ’
/ / Seal ’
/ / Correction Prz:::r. /
[~ / """\ Correction ’
0 . A
b. Supenonic Mach number
10.0
Corrected
Axial
Force
8.0 I~ g
cobpmee  Th Z
Load Correction ;
s o} Z Z
H L~ L~
3 / /
= 20} / Lnbsyer.ilnlh /
E 5 Correction ;
A [~
o 7 Y
L~ Pressure
” Correction
2.0 Balance
Cavity
Pressure
Correction
-4.0
8. Subsonic Mach number
Figure 50, Nacelle Axial-Force Components (Reference 25)




1

R RECAMAERARCNC . P A CrNE Mttt arai i e A A e St A e s e bt AR AC A A D T e A A DA ek R N AR

-
»

, ll. v'. ", v'.

AFHAL-TR-85-3055

DRI |
%’ e

L

y 1
.l .‘ I‘ ‘l

£ e 1

*

OlLpe0,017  ALpe007?

o]
71 3 X}

(]
FMAX REMEAT

REHEAT OFF
’

g

]
o
~
/
{
\,

A 10

' ANAX 0,8

5 06

5 * 04 FUSELAGE

0,2

0 Al ‘ l
500 600 700 800

—» x[inches]

Figure 51. Fffect of Nozzle Position on Pressure Distribution (Reference 27)

50

- . . - - . . .-. ". - . ‘n. .‘. n._ ~.. '~. ‘-‘ -‘~. o et "
Se e e el S T e e T . . LA e T e e T T T T T T e e e T T e T T T T e e T e T T
LR AL I WA S AT T - PP PO PR PR S W A v Wi VST WA W0 W 0N Pl I WL W P W a a2




BRI R IR R el S L At it ol e e a2 e ]

AFI/AL-TR-85-3055

TelaW j

Repeatability is defined as the uncertainty of the measurement due to the
presence of random errors. Reference 4 mentions * 1% aircraft drag repeatability
for a technique which measures aircraft transonic spillage drag for a supersonic
aircraft. Both high repeatability and reduced bias error should be the goal when

B AP

measuring throttle dependent forces.

Additional factors in experimental throttle dependent force determination are
wind tunnel effects, such as buoyancy, blockage, flow quality, and Reynolds number
simulation. These jtems will not be discussed in the report but the reader is

E referred to Pope (Reference 28).

3. QUALITATIVE TECHNIQUES TO ASSESS THROTTLE DEPENDENT FORCES

The nature and extent of the influence of the propulsion stream on the in-
let/nozzle and adjacent aircraft surfaces can be determined qualitatively by various
flow visualization techniques. Wind tunnel techniques include the use of tufts,

- dye, and oil flow, all indicating surface flow direction, the presence and location
i of shock waves and areas of separation, and the Tocation of vortices. Schlieren and
shadowgraph techniques can indicate in supersonic tunnel flow the presence of
- density gradients, i.e. primarily shock waves. A technique applicable to Tow speed
fi wind tunnel work is smoke to trace streamlines influenced by the propulsion stream.
. Dye streams and bubbles are often used to indicate propulsion stream influence in
lTow speed water tunnels. A1l of these techniques can provide the investigator
further insight into the throttle dependent effects.

4.  ANALYTICAL TECHNIQUES

In addition to experimental techniques, analytical or computational techniques

ran be used to predict throttle dependent forces. In general, due to the complex
- nature of the interaction of the propulsion stream with the external flow and
J adjacent surfaces, throttle dependent forces are difficult to predict. Analytical
techniques vary from empirical approaches to potential flow solutions, from quasi-
time dependent to time dependent, inviscid/viscous patch methods te full Navier-
Stokes equations solutions. These techniques serve a useful role in evaluating and
screening concepts relative to throttle deperdent forces. Tt should be noted that
these methods usually predict surface pressure distributions and throttle dependent
forces are then determined from pressure area integration. Success of these

e BTt T e el
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techniques varies with the level of accuracy required and level of resources available
to support the prediction, The extent of the aircraft simulated also determines the
success of these technigues but this simulation is limited by the computer's available
storage. In this section, representative techniques will be discussed for throttle
dependent forces for supersonic/transonic aircraft and for nacelle installations on
transport aircraft.

5. TNLET ANALYTICAL TECHNTOUES

EFmpirical procedures are correlations of experimental data which indicate
trends and approximate forces for particular classes of inlet configurations.
Figure 52 shows a spillage drag correlation compared with experimental data. The
procedures provide adequate trends but do not reproduce the absolute values. These
rmethods can be useful in cenceptual and preliminary design procedures. The success
nf all empirical techniques depends on the data hase and the degree of similarity of
the configuration being analyzed to those in the data base. If carefully restricted
and applied, these technigues can be valuable tools for determining throttle depen-
dent forces.

Inlet surface pressures are often calculated by two-dimensional potential flow
solutions over a range of angles of attack and mass flow. Bourdary layer analysis
is sometimes added to account for viscous effects. These techniques are moderately
successful if no separation is present. Local velocity profiles on a supersonic
inlet 1ip at suhsonic conditions at different angles of attack and mass flow ratios,
calculated by a two-dimensional incompressible technique are shown in Figure 53.
These methods have been extended to three-dimensional potential and viscous
apprraches. Effects of inlet flow simulation on the engine nacelle pressure dis-
tribution, as calculated by one of these techniques, is presented in Figure 54,

Note that the effect of inlet flow condition extends considerably downstream of this
inlet, indicating the extent of the nacelle simulation necessarv to account for the

entire inlet mass flow effect,
An Fuler equation solution mathematically describes the motion of an inviscid

cormressible fluid with variable entropy and can capture strong shocks and model jet

exhaust.. An inlet/forebody configuration has heen analyzed with this technigue to

52
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determine flow angularity near a potential inlet Tocation (Peference 32). As shown .
in Figure 55, predicted flow angularities agree reasonably well with experiment. G

Though not a direct example of a throttle dependent force calculation, the

sofution of a two-dimensicral mixed compression inlet by a Navier-Stokes solution .
(Figure 56) indicates the potential for very detailed inlet analysis. This method AR
(Reference 30) is described as a MacCormick explicit finite difference algorithm 35’55

with modified treatment of the viscous sublayer and of the turbulent boundary layer.
The method provides good agreement with experimental data, and while for the case
shown, the solution ran for 1.6 hours on a CYRER 175, run times are being reduced so £
that practical applications can be achieved. Advanced inlet analytical techniques

are being developed for three-dimensional viscous flow Navier-Stokes solutions.

6.  AFTERBODY/NOZZLE ANALYTICAL TECHNTQUES

References 15, 29, and 33 all poirt out the difficulty invelved in modeling and
predictina the flow over the afterbody nozzle region. Consequently, the throttle
dependent forces due to changes in the nozzle boattail angle and jet plume are also

difficult to predict since the afterbody/nozzle is dominated by strong -
viscous/inviscid interactions at subsonic and transonic speeds. As illustrated on e

L "
Fiqure 57, this flow is characterized by pressure gradients which may cause the RS

boundary layer to separate, a jet exhaust plume that may qrow or diminish in size o
depending on nozzle pressure ratio (and in turn change freestream flow turning and ;v —
jet ertrainment), and a large viscous mixing region between the jet and external S
flow. If the oxternal flow is transonic or supersonic, shock waves will alsn be

rresent. Because of these strong viscous/inviscid interactions, inviscid thecoretical
methods have been faund to be inadequate for predicting afterbodv/nazzle flow. In R
general, nozzle surface pressures are difficult to predict, especially at transonic )
<peeds, but trends can be predicted with more success than absolute values. As with
the inlet, the full range of techniques, from empirical correlations to three-
dimensioral Navier-Stokes solutions, have been applied to predict afterbody nozzle

‘orces.

Empirical force prediction techniques for exhaust nozzles are derived from
narametric afterbody/nozzle data. Important geometric parameters include nozzle -

boattail angle, base area, initial plume anqle, overall afterbodv closure, nozzle
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type and spacing, interfairing type, empennage location, and the proximity of

1ifting surfaces. In general, geometric effects and jet effects are handled
separately. The geometry parameters can be characterized by the Integral Mean Slope
(IMS) correlation. This parameter is an area weighted average slope of the non-
dimensional cross sectional area plot and is proportional to the ideal pressure area
intearal of the afterbody/nozzle. The formulation and a correlation of the parameter
at one Mach number are shown in Figure 58. The procedure provides a good prediction
of afterbody pressure drag if the area is free of separation and is "clean", i.e.,

with minimum nearby empennage surfaces. This correlation is combined with a plume

correlation parameter to account for the geometric as well as jet exhaust effects. Ej‘
Subsonic viscous flow and patch methods which combine the inviscid regions with e

a boundary layer calculation and an exhaust simulation yield more rigorous sub- :E?}E

sonic/transonic solutions of the nozzle boattail flow field. These techniques i:;;‘

include representations of the effects of skin friction, axial pressure gradients,
jet entrainment, separated flow, jet mixing, and jet temperature. Two examples of
these techniques are given in References 5 and 33. Bower (Reference 5) was able to

predict the surface pressure distribution of an axisymmetric 15 degree boattail with
2 strong viscous/inviscid interaction method (Figure 59). The method of Wilmoth,
described in Reference 33, is a patch method which combines an inviscid flow field,
a houndary layer, a mixing layer between the jet and freestream, and a displacement
thickness corrected for jet plume entrainment and growth. A comparison of predicted
boattail pressures at different nozzle pressure ratios compared to experimental data
is shown in Figure 60. This method provides a good prediction of pressure dis-
tribution, and is capable of accounting for jet temperature, and jet chemical
composition. This is an interactive procedure which uses approximately 30 seconds
processina time on a CYBER 175 computer. More work is needed to refine the code for

use in describing regions of boundary layer separation,

A strictly supersonic external nozzle boattail flow calculation can be ap-
proached by utilizing a small perturbation potential flow snlution. Often this can
be accomplished by a Method of Characteristics solution.

A more robust technique is a time dependent finite difference solution to the
compressible Navier-Stokes equations for turbulent separating flows. Full three-
dimensional, time dependent Navier-Stokes solutions including a turbulence model are
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the goal of many researchers investigating this complicated flow field. These ;Q ﬁ
solutions require large computers and elaborate computational grid generation L:&%
techniques and are heing supplemented in the near term with approximate solutions to :{:Ei
these eauations. Good prediction across the Mach number range of the surface :%3?
pressures of an axisymmetric afterbody is shown (Figure 61) in a calculation by _-.,i.'i
Swanson (Reference 33), The results required 5 minutes computing time for a super- 75“5

."
o

sonic case and approximately 2 hours for a subsonic case on a CYBER 203 computer. A

r
TR

velocity splitting technique for solving the steady state three-dimensional Navier-
Stokes equations at transonic speeds for general bodies has been developed by

Cosner. This method has shown good agreement between theory and experiment for L
clean afterbodies with approximately 1/2 hour running times on a CYBER 175 computer
(Reference 34).

7.  TRANSPORT NACELLE ANALYTICAL TECHNIQUES

The predominately subsonic flow field of the transport nacelle has been ap-
proached primarily by potential flow codes and by axisymmetric Navier-Stokes
solutions. Incompressible, inviscid techniques, corrected for compressibility and
iterated to a <solution are successful for entirely subsonic flowfields. Results of
a low speed inlet calculation are shown in Figure 62. The incompressible solution
with compressibility and boundary layer corrections agrees reasonably well with the
data. Transonic relaxation potential flow techniques with an iterative boundary
layer salution have also been applied to mixed flow problems. Application of these
techniques to a transonic cowl is shown in Figure 63. Moderately good agreement is
seen between test data and the analysis. Three-dimensional geometries, such as a
nacelle pylon, are also solved by lirearized compressible potential flow methods. A

flow field of a powered nacelle, with the plume represented as a solid body, is
predicted with some success (Figure 64),

Potential methods, three-dimensional linearized compressible potential flow
solutions, are often utilized for the flow around high bypass ratio engines. The
surface of the complex configurations and, to some extent, the inlet and nozzle
flows, are represented by flat panels. A semi-empirical compressibilitv term for

the highly curved reginns at the inlet Teading edge may be employed to account for ;il}ﬁ
. [
the high local Mach numbers, Reference 35. A typical application of this approach g.,fi

is presented in Reference 36. The nacelle representation is comprised of ?60 panels
60 e
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and includes inlet suction, jet spreading, and flow entrainment. The wing/fuselage
is represented by 160 panels. The wing pressures (Figure 65) with the jet on and

off show good agreement between theory and wind tunnel test. Another application
(Figure 66) is from Haberland (Reference 37) where an axisymmetric panel method
predicted the inlet cowl pressures for two mass flow ratios. For the most part, the
measured and predicted pressures agree. Leakage, a common problem for panel methods,
is the difference in calculated and prescribed mass flow rates at the enagine face

and can be reduced by careful selection and distribution of panels around the cowl.

Euler solutions for transport nacelles are described in References 38 and 39.
For a subsonic inlet at approximately 0.8 Mach number and 3 degrees angle-of-attack,
a three-dimensional Fuler solution agreed well with experimental pressure dis-
tributions along the top and bottom centerlines (Figure 67). The computed flowfield
Mach contours are shown in Figure 68. On a long duct nacelle calculated with a
three-dimensional Euler solver (Reference 39) the authors point out that an undesirable
compression and reexpansion of the flow on the nacelle was predicted by the analysis;
this encourages use of this method to help sort out propulsion integration problems.

NASA Langley Research Center has developed a Transonic Small Disturbance Theory
analysis to predict flows around nacelle, pylon, and fuselage integrations. This
method uses a multiple nested computing grid with coarse global arids and fine

*i imbedded grids where needed. This method offers high resolution and flexibility for
reasonable resources.
k; Limited Navier-Stokes solutions have been reported for transport nacelles. A L
ii: mixed flow solution for a JT9D turbofan engine is summarized in Reference 41. At a :"'#
-~ Mach number of 0.9 and a nozzle pressure ratio of 2.6, the pressure distribution on '

[ the external fan cowl, afterbody, and plug shows good agreement between theory and

experiment, Figure 69. zii}ﬂ

Some cenclusions can be drawn from this brief review of analytical techniques
tor the complex flow field associated with throttle dependent forces. Empirical
techniques are useful as predictors in preliminary design if care is exercised in
their application and use. Twn-dimensional and three-dimensional potential flow
methorde with boundary layer and compressibility corrections are moderately success-
‘ul in predictine surface pressure distributions around inlets, nozzles, and
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nacelles. Solutions for separated regions and areas of mixed flow are difficult to
- obtain. Patching methods can provide a good prediction at reasonable cost. The
I solution of the Navier-Stokes equations is limited by the lack of a good turbulence
model, by available data/computational storage, and by cost. A1l of the methods
;: vary in success relative tc the level of accuracy required and the level of
il resources available. Analytical methods of all levels of complexity can play a role
in the prediction of throttle dependent forces. Readers are referred to Bappe
(Reference 42) fnr a more complete summary of the state-of-the-art computational
methods used in engine/airframe integration.
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HIND TUNNEL/ANALYSIS DETERMINATION OF THROTTLE DEPENDENT
FORCES TN FLIGHT

The dynamic nature of an aircraft in flight makes determination of throttle

dependent forces difficult, if not impossible. Aircraft are rarely instrumented to
measure all of the parameters required, such as mass flow ratin, nozzle total
pressure, exit static pressure, and inlet/nozzle surface pressures. Further, the
aircraft can vary mass flow ratio or nozzle pressure ratio at a fixed Mach number
only over a small rance; this precludes determination of spillage or boattail drag é)a—é
at the off-desian conditions. The alternative to flight determination of throttle o
dependent forces is to use wind tunnel data or analytical techniques to predict the
throttle dependent forces. These predictions are then verified by correlating the
_3 measured or predicted surface pressure distributions with those measured in flight. :¢;4
Plots such as Figures 70 and 71 for the X-15 and XB-70, respectively, show examples R

of correlations of bhase pressures measured in flight with wind tunnel and analytical
predicted values. This section will describe difficulties and discrepancies in
using these correlations and will then present examples of wind tunnel and
analytical pressure distributions compared to pressure distributions measured in
flight.

1. SOURCES OF FRROR - WIND TUNNEL/ANALYSIS TO FLIGHT

Hunt and Gowadia {Reference 1) state that separate determination of inlet and

rn7z1e throttle dependent forces is not possible in flight. Further, when relving -
ar a wind tunnel model to determine these forces, it is not possible to test an ;" ]
accurate scale version of the aircraft due to support interference. In addition. o
there is reo well-established method of reproducing the inlet and nozzle flows
simultaneously in the model in order to measure their interference effects. Ayers
[Reference 44) notes that prediction of full scale aircraft forces has heen hic-
torically hampered by the inability to extrapolate nozzle boattail and base effects.

This is primarily attributed to model support effects and an inadequate Reynolds

number simulation. Due to wind tunnel limitations, model data is rarely acquired at
f1ight. Reynolds numbers; therefore, for flow areas with strong viscous effects and ‘ i
separated reaions, such as an afterbody/nozzle, the wind tunnel simulation can he

auestionable. A compilation of possibhle causes of discrepancies betweer wind tunnel
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and flight data developed from References 45, 46, and 29 includes: test techniques,
wall and support effects, inadequate duplication of inlet/nozzle flow, wind tunnel
flow quality, model detail, aeroelastic deformation of the aircraft in flight,
scaling and Reynolds number effects, and incorrect assessment of inflight inlet/

engine/nnzzle operating characteristics.

A1l of these possible sources of error, plus those graphically presented in
Figure 72, do not indicate that the task is impossible, but rather point out the
special care and consideration required to simulate these propulsion/airframe
interactions. The next section will present four examples of the correlation of
wind tunnel data and analysis with flight data where different levels of success

have been achieved,

2. WIND TUNNEL/ANALYSTS TO FLTGHT CORRELATION - FXAMPLES

Since throttle dependent forces are very difficult to determine in flight, wind
tunnel and analytical assessments of these forces must be resclved from surface
presstre distributions. Accuracy of these methods is verified bv comparing experi-
mentally or analytically predicted pressure distributions with flight data. These
~omparisons have been performed on several aircraft systems, including the B-1 and
F-15, which were the subiect of extensive wind tunnel to flight correlations. In
these correlations, special attention was paid to the inlet and nozzle. Less
detailed comparisons have also been completed for the YF-17 and Tornado aircraft and

will be presented in the following section.

R-1

A correlation hetween wind tunnel and flight inlet and nozzle pressure data was
rerformied with the objective of eliminating as many of the potential discrepancies
between the data sets as possible. dind tunnel data was taken after the flight test
to ensure matching of conditions, and the surface pressure orifice locations were as
rlosely matched as possible. Support interference was determined in a series of
wind tunnel tests to remeve effects of this parameter. Factors which could not be
cimulated were wing flexibility and the resulting wing gap between the propulsion
nacelle and the Tower wing surface, environmental control system (ECS) purge air
mass flow and pressure, and absolute Reynolds rumber. To account for these factors,
the model wing was tested to determine the approximate wina gap effect and the ECS
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TUNNEL/ANALYSIS

POOR THEORETICAL BASE
MODEL VARIATIONS
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IMPRECISE KEY MEASUREMENTS
OYNAMICS OF FLIGHT

DRAG BUILD-UP NOT STANDARD
TUNNEL VARIATIONS

NON-CALIBRATED ENGINES

EXCRESENCES AND

PROTUBERANCES TRANSONIC REGION NON-LINEARITY

LIMITATIONS IN REYNOLDS NUMBER
TURBULENCE SIMULATION

BETWEEN FLIGHT AND TUNNEL

CONFIGURATION DIFFERS

ENGINE CHARACTERIZED LATELY
OR POORLY

DRAG BUILD-UP NOT VERIFIED

Figure 72. Sources of Error in Throttle Dependent Drag Predictions
(Reference 46)
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air was varied to determine its effect, but an absolute simulation of these para-

Ei meters was not possible. Absolute Reynolds number was 20 to 40 times greater for

o the aircraft than the 6 percent propulsion model. In addition to the flight vehicle
and the propulsion wind tunnel model, data were alsn obtained on a 20 percent

Q%Z inlet/forebody model with bynass and bleed and on a 7 percent inlet force model to

Ii determine inlet ramp and cowl forces. Pressure taps were matched at 200 locations
op the left hand inlet and aft nacelle of the B-1 aircraft and wind tunnel models
(Figure 73). In general, the pressures showed good agreement between wind tunnel

and flight test data. Agreement was better in the nozzle region than the inlet, and
ia the pressure area integrated drag estimates correlated to within approximately 10 e
drag counts. It should be noted, however, that differences in local pressures
existed but tended to cancel, thus resulting in the final correlation. A comparison o
of the inlet cowl pressures, shown installed in Figure 74 and as pressure coeffi- ;:;ﬁf

i‘ cients in Figure 75, shows better agreement for the 6 percent aircraft model than ¥
- the partial aircraft simulation of the 20 percent model. The 20 percent model's T{}i
o pressure coefficient deviation was attributed to flow field interference from the jfifi

large cross-sectional area of the mass flow metering system and the downstream model

tunnel model drag values are consistently higher (3-10 drag counts) but show similar

ii support. Changes of inlet drag with mass flow are shown in Figure 76. The wind
;f trends with mass flow.

II Nozzle surface pressure measurement locations in the afterbndy/nozzle region

for the flight vehicle and wind tunnel model are shown in Fiqure 77. Comparison of -
pressure data yielded results similar to those for the inlet, i.e. the pressure DR
: distributions were comparable, with some local pressures higher and some lower, N
- Tntegrated pressure drag values are within 8 drag counts subsonically and 15 counts
P supersonically (Figure 78). As before, the data trends are parallel. These dif-

ferences are attributed to nozzle crossflow, some unaccounted support system inter-

ference, inlet fairing effects, incorrect environmental control system air simula-
tion, and inadequate simulation of separated regions on the wind tunnel model.

The issue of independent assessment of inlet and nozzle propulsion flow was
also addressed in this ctudy. Varying this inlet's mass flow changes the draq of

the reference rozzles by 4 draq counts at the operating condition (Figure 79). ?“15t
Support interference studies provided insight into the magnitude of sting and strut
pffects. As shown in Ficure 80, the model was tested uprioht and inverted to

72

--------------------




E. T T T T T T T T T T TR R T RCIRACA B T T e T o WY AT W N
~ L]

AFYAL-TR-B5-3055

INSTRUMENTATICN _
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Figure 73. B-1 Nacelle Instrumented Regions (Reference 47)
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Figure 74, Inlet Surface Pressure Instrumentation Common to the Wind Tunnel
Models and Aircraft (Reference 47)
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Figure 76. DPrag Coefficient Variation with Mass Flow Ratio (Reference 47)
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Figure 79. MFR Effect on Aft Nacelle/Nozzle Drag (Reference 48)
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Figure 80. Model Installations (Reference 48)
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ML AW

determine a strut effect. This effect was determined to be 3 drag counts at 0.85
Mach number and 6 drag counts at 1.1 Mach number. The model was also tested to
determine a sting interference effect for corrections to the aerodynamic model.
Figure 81 illustrates that the effect on the afterbody nozzle drag is 2 to 10 drag
counts, depending on Mach number. This correlation effort for the highly inter-
active flow on the B-1 aircraft nacelle pointed out the difficult technical problems

A% SUSERIRAD

AL,
. .

surrounding determination of throttle dependent forces.

F-15
The F-15 wind tunnel to flight test data correlation effort is well documented.
Iﬁ Representative references include 9, 49, and 50. The 7.5 percent F-15 wind tunnel

model and flight vehicle were instrumented with approximately 80 static surface
pressures in the inlet and nozzle region. The wind tunnel model was tested at 0.6,
0.9, and 1.7 Mach number over a range of angles-of-attack and mass flows. Not

?ﬁ simulated were a variable bypass door, scaled inlet throat probes, or a hot jet

A exhaust. Pressure coefficient uncertainty targets were +0.005 for the wind tunnel
test and #+0.03 for the flight test. Flight tolerances desired were: angle-of-attack

. +0.25, angle of yaw +0.25, and Mach number +0.01. Uind tunnel Reynolds numbers were

i. usually 12 million, compared to a flight Reynolds numbers of 150 to 280 million.

L Inlet ramp and cowl pressure instrumentation locations are shown in Figure 82.
Fxcept downstream of the throat slot bleed/bypass exit, good agreement exists
between wind tunnel and flight test data for upper cowl pressures (Figure 83).

!l Similar agreement was evident on the wing fairing (Figure 84). Cemparison of the

;; pressure area integrated draa from the wind tunnel and flight vehicle and the wind

if} tunnel force balance measurements (Figure 85) show the drags correlate well at 0.6, "
;: 0.9, and 1.2 Mach number across the range of inlet capture ratios. A‘problem dnes jaafj
» .

oxist at higker capture ratios for 0.6 Mach number. This discrepancy between the

wind tunnel, flight and force balance drag data is attributed to the large flow
anqularity at the inlet 1ip for which the pressure area integration cannot account.
Additional testing technique development for improving the measurement technique

near the inlet lip is required.
Pressure instrumentation locations on the nozzle boattail are illustrated in
- Figure 86. Nozzle pressures correlate well except for the pressures on the nozzle
!3 ¢ides near the interfairing or tail booms. 0ne other point of interest concerning

“hrottle dependent forces is shown in iigure 87. Changing the inlet rotation angle
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Figure 81. Sting Effects (Nozzle/Afterbody Tests) (Reference 48)
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Top view (upper cowl)
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Figure 82. F-15 Inlet Pressure Orifices (Reference 49)
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Figure 83. Comparison of Flight and Wind Tunnel Pressure Coefficients for

Upper Cowl Surface (Reference 9)
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{Reference 40)
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Figure 86. F-15 Nozzle Pressure Nrifices (Reference 50)

85

- - - - ' -
3 . A - - NN --. - - ‘ '. -' - ." T et e a " .
T A AT S PN MRS SN M NN N M R NI NN NN,

SR N ST

SO O

v

w

LS

3yt A
[

L 3 o i
\ -.n\i "
s

>
'y

o

./
)

»

N A%
¥

Y
AR

y &

XA
e 5 % Y
l".‘t'"f.'v'.

l?'

’,
a
‘

LAY

CHS
B

e
.

I"

"
A
"

' .J' *

'l
2.7,

r
.

a

e Y
E

*
EAd
v

T




AR ENE A At pe et

AFWAL-TR-85-3055

{6p 92UBUD}BY) IUBLILS3B0) BUNSSBUY abe(asny uaddy

we's #

Py .» |,u. i-s-uklh

PACREARAE)

*lg8 94nhbl 4

- X

05 = ¢
9)zzou Jaddp)

abejasn) piw

”~

-—— e - wn an S Ge . o wn - - -
- . - - A wn w w. on G w e o

L

IM02 13ddn

<

.. ,
\ ’
\ A | B &

LR R
- ——

,cox:%_‘lo:_.soz /- O

/
\ =
ED Jme -

/

/ bap

|\h\\\n\\|\.m\\|\1

./ue abejasny ajejans saddn

69°0 = Yoyjoy ‘£ =0 ‘9°0 =W

86

- -
b W U

e
hath

SR




AFWAL-TR-85-3055

produces the expected upper cowl pressure changes, but also unexpectedly changes the
mid-fuselage and upper nozzle pressures. This illustrates a pressure distribution
change over the entire aircraft due to inlet geometry variations. These changes may

~

Dl
e e i

not be accounted for in conventional testing techniques.

YF-17

Flight test surface pressure data correlations were performed with the YF-17
aircraft. Primary emphasis was in the nozzle beattail area (Figure 88). Two wind
tunnel models, 10 and 20 percent scale, were tested at Arnold Engineering Develop-
ment Center from 0.6 to 1.5 Mach number over a range of angles-of-attack and nozzie
pressure ratios. Identified model-to-flight sources of error were support inter-
ference, cold exhaust simulation, faired inlet, lack of adequate engine bay purge
air simulation, inaccurate variable exhaust nozzle and speed brake modeling, and
Reynolds number differences. Wind tunnel repeatability was *0.0005 for pressure

coefficient, +0.1 degree angle-of-attack, and +0.10 nozzle pressure ratio. Flight
test pressure coefficient uncertainties were 30.0002 to +0.011, dependina on altitude
and Mach number. To evaluate support interference, the model was held by a sting
support with and without a dummy wing tip support (Figure 89). A1l possible cor-
rections were incorporated. As a result, for both 0.6 and 0.9 Mach number, the
wind tunnel and flight pressures correlated well, though some differences were
[- present near the wind tunnel model metric breaks. Pressure comparisons at 0.6 Mach

. number are presented in Figure 90. Data for 1.2 Mach number, Figure 91, indicates

.

; more expansion and recompression was present in the flight data than in the wind
[ tunnel data. This is attributed to the thinner flight boundary layer at higher
- Reynolds numbers and to the difference in nozzle construction from a solid model to SRy
o a flight article with flexible nozzle boattail leaves and seals. In general, the :"b

support system interference was not significant subsonically but must be considered T
& to achieve good supersonic correlation of wind tunnel and flight test data. '
» TORNADO

The multi-national Tornado aircraft was also the subject of a general cor-
relation of wind tunnel and flight test afterbody pressures. The aircraft and
afterbody nozzle (Figure 92) were pressure instrumented in the boattail and hase
reginns to compare with data from the wind tunnel model (Figure 93). Upper and

lower surface boattail pressure data are compared to flight test pressures at
subsonic speeds in Figure 94, Pressure data on the wind tunnel model show good
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Figure 88. Pressure Orifice Locations-Left Engine Macelle and Nozzle
(Reference 51)
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PROTOTYPE AFTERBODY

Figure 92,

Tornado Prototype Afterbody (Reference 52)

Figure 93,

Tornado Afterbody Model (Reference §7)
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Figure 94. Boattail Surface Static Pressure Distributions (Reference 52)

agreement with flight test data, especially on the lower surface. Base pressures,
. especially on this nozzle, were good correlating parameters for draq (Reference 52)
I and were used to monitor drag changes in flight. Wind tunnel and flight test base
pressures (Figure 95) are approximately the same level. During flight tests, an
unsteadv throttle dependent force was identified. A geometric fix to the afterbody
flow instability problem, besides reducing the prototype aircraft drag, also
ll identified the usefulness of unsteady pressure measurements as an indication of
afterbody flow ouality and separation.

;; Success of wind tunnel/analytical correlations of throttle dependent forces is

i’ determined by the care and consideration directed to eliminatirg or correcting the
discrepancies created by the differences in the wind tunnel model and the flight
vehicle. Support effects can be corrected with some success. Simultaneous duplica-
tion of inlet and nozzle flows is critical if the inlet and nozzle flows are not

' independent. Extensive pressure instrumentation is required over the inlet and
nozzle regions and all other aircraft surfaces influenced by the propulsion stream.
The task is not impossible but requires use of engineering skill and resources.
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(Reference 5?)
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SECTION V

FTNAL REMARKS

Throttle dependent forces are all forces, internal and external, acting on the
engine streamtube and aircraft surfaces that change with engine power setting.
These forces can be significant for tactical aircraft which are required to perform
a mission over a wide Mach number range and for transport aircraft which have
demanding cruise performance requirements. The primary inlet throttle dependent
forces are spillage and bypass drag. For the nozzle, these forces are boattail and
base draa and jet interference and entrainment. These forces can be determined with
varying success by analytical techniques, wind tunnels tests, and in flight tests.
Computational methods and test techniques are essential tools and are evelving
constantly.
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BASIC DEFINITIONS L

’ ',-".‘4

1. Additive Drag (DADD) - Static pressure force exerted, in the wind direction, on G

the inlet streamtube, between freestream conditions and the inlet stagnation point, :'52

with the inlet operating at zero external bleed flow. Alternatively it may be Tooked :§g§
b

upon as the total momentum change of the inlet air from freestream to the inlet Eihﬁ

stagnation point, with the inlet operating at zero external bleed flow. R

¢

s

A

.;.r.l.;

R

SRS

2. Additive Drag Correlation Factor (KADD) - The change in spillage drag from the NN

mass flow ratio at which the additive drag is zero to an operating mass flow ratio, Etﬁ:

divided by the theoretical additive drag: gt

Yo

Kapp = (DADD - ADUp)/DADD (theoretical) E:%:

Tf it is assumed that the correction factor is not a function of mass flow ratio (a ;;zb

common assumption) the additive drag correction factor is the chanae in spillage drag :7§f

divided by the change in theoretical additive drag between any two mass flow i =

conditions. o

Knpp = ADSm.”/ADAdd (theoretical) [if Kann # £ (MFR)] —

3.  Aerodynamic Reference Configuration (Reference Configuration) - Configuration

tested on external aerodynamics model. Usually a fixed configuration with a flow
through duct propulsion system,

4, Aerodynamic Reference Model - Wind tunnel model used to determine the forces and

moments of the reference aircraft configuration,

Ry
98

e e e e S e e e T e T e . @ L P P T N T Pt S TR A S




»
i

-

______ LIl AT R Rt I I I SRt R Jed . ,V_WWWTWM
et i a gl T AR ath ot 5 AR I I TN TN VW >y TATWI TN N UIYUNUWEY pv )

AFWAL -TR-85-3055

BASIC DEFINITIONS (Cont'd)

5. Afterbody - Total fuselage and/or nacelle from the fuselage maximum cross section
to the nozzle exit station, including base area.

6. Afterbody Drag - Boattail plus base drag.

7. Base Area - Cross sectinnal area projected normal to the fuselage reference line
of any geometrically definable area aft of the maximum cross section station that is
known to be totally in a separated flow region.

&. Base Drag - Nrag attributable to a base area.

9. Bleed Drag - (Db]) - Wind directinn component of total momentum loss from
freestream to exit station of the bleed air, plus the incremental change in external
drag, at constant inlet airflow, from no bleed to the operating bleed. Note that in
the case of external bleed drag (bleed air taken off ahead of the inlet lip station),
although the definition is identical, there is an important difference. In this case
the bleed flow alters the inlet stagnation streamtube shape, even at a constant inlet
airflow. Therefore the incremental change in external drag includes a change in the
"spillage drag" in addition to the change in external drag due to the perturbations at

the bleed exit station.

10. Boattail - Amount of fuselage and/or nacelle closure between two stations.
Measured by planar cuts normal to the fuselage reference line through various aircraft
sections (less any base closure between the stations).

11. Boattail Drag - Total drag (pressure plus friction) on the nozzle boattail minus

base drag (does not include tail surfaces).

12. Bypass Drag (Dby) - Wind direction component of total momentum loss from
freestream to exit station of the bypass air plus the incremental change in external
drag, at constant inlet airflow, from no bypass to the operating bypass.

13. Capture Area, Design (ADPS or ARpf) ~ For variable capture area inlets this is the
capture area setting at which the inlet contours are designed.
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BASIC DEFINITIONS (Cont'd)

14. Capture Area, Inlet (Ac) - Area enclosed by the locus of most forward peints

(measured normal to the inlet reference line) on the inlet cowl, sideplates and first
ramp or boundary layer diverter, projected in the freestream direction.

15. Cowl Length (1may) - Length from cowl 1ip station to the fuselage or nacelle
maximum cross section station measured along the fuselage reference Tine.

16. Datum Configuration - Configuration used as a basis of comparison with other

confiqurations of the same type.

17. Drag Polar - A plot of drag versus 1ift., For bookkeeping purposes it is presented
for the operating reference configuration.

18. Drag Polar Exhaust Increments - Lift, drag and pitching moment differences between

the aerodynamic reference and operating reference exhaust system configurations which
are allocated to the aircraft drag polar.

19. Drag Polar Inlet Increments - Lift, drag and pitching moment differences between

aerodynamic reference and operating reference inlet configurations which are allocated
to the aircraft dragq polar.

20. Engine Air - A1l air entering the engine compressor face including all air removed
from or injected into the engine airstream aft of the compressor face. This will
include for example high compressor bleed air, fan bleed air, nozzle bleed air (e.q.
jet flaps) and secondary air injected into the nozzle flow. The lone exception to this
definition will be tertiary nozzle air which will be defined as an external flow
stream.

"1, Exhaust System Force Model - Wind tunnel model used to determine the relative

forces and moments of the aerodynamic reference, operating reference, and operating
exhaust system confiqgurations.

7?2, Exit Station (e) - The most downstream station, measured along the fuselage

reforence lTine, at which the internal airflow is completely confined by solid surfaces.
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BASIC DEFINITIONS (Cont'd)

23. External Drag (Dext) - Pressure plus friction force in the wind direction on the

external surface of the aircraft, minus the static force on all external surfaces

e

effected by the propulsior airstreams. }}5?
24. External Surfaces - All aerodynamic surfaces not included in the internal ?iiﬁ
surfaces. 3if£
?5. Friction Force, Calculated - Skin friction force obtained from skin friction fﬁi:
coefficient correlations and model local flow conditions. f;ﬁ
?6. Fuselage Boattail - Closure of the fuselage and/or nacelle from maximum cross o
section to customer connect, less any base closure between the stations (does not RS
include tail surface). et
27. Fuselage Boattail Angle (Bll) - Chord line from customer connect to maximum 3
nacelle/fuselage cross sectional area station. g
[ ]
28. Fuselage Boattail Drag (Afterbody Boattail Drag) - Total drag (pressure plus
friction) on the afterbody (does not include base draq).
F
?9. Gross Thrust - (F ) (Uninstalled Gross Thrust) - The static force vector generated RO
by the engine operating with Mil Spec total pressure recovery at the compressor fare P
and no customer hleed or horsepower extractions. Here the static force will include e
the total momentum of all propulsion air streams at their respective exit station and }“
all static friction and pressure forces on any external surfaces effected by the B
propulsion streams.
30. Highlight Point - A point at which a 1inre normal to the inlet reference line is :Q"Q
tangent to the inlet leading edge contour. CRS
e
Highlight Point —
—_— O — Inlet Reference Line ﬂi

.......................

..............................................
.......................
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BASIC DEFINITIONS (Cont'd)

31. Inlet Airflow - A11 air which enters the inlet at the cowl lip station. Includes

bleed taken out aft of the lip station but does not include bleed removed forward of
this station.

32. Inlet Force Model - Wind tunnel madel used to determine the relative forces and

moments of the aerodynamic reference, operating reference, and operating inlet
configurations.

33. Inlet Lip Area (Ai) - Physical duct cross sectional area measured from the most

aft highlight point (usually the cowl centerline highlight point) to the
ramp/centerbody at an angle normal to the ramp centerbody. Pitot (open nose) inlets
are considered as an axisymmetric inlet with a zero (0) degree centerbody for the
purpose of this definition.

most aft highlight pointf”’/*'

tangent to ramp

Inlet Reference Line

34. 1Installed Gross Thrust (F ) - The static force generated by the engine
inst
operating with the installed total pressure recovery at the compressor face and with

installed customer bleed air and horsepower extractions. Static force is defined the
same as in Gross Thrust.

35. Installed Net Thrust (Fn- ) - Installed Gross Thrust minus the ram draq

ins
(mengvo) of all engine air. (Installed Net Thrust dnes rot include thrnttle dependent
crag increments.)

36. Integrated Pressure Force - Force obtained by assigning surface areas to selected

madel static pressure taps and mathematically combining the pressure X area teris in
axial and normal directions,
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BASIC DEFINITIONS (Cont'd)

37. Internal Nrag (nINT) - Pressure plus friction force, positive in the wind

direction, on the internal surfaces of the aircraft. (DINT = 'FINT)'

38. Internal Surface - A1l internal surfaces from the locus of inlet staanation points

{stagnation points on the cowl lip, sideplates and forward ramp or boundary layer
qutter leading edge) to the respective propulsion air exit stations at which exit
momentum is defined,

39. Internal Thrust (FINT) - The pressure plus friction force developed on all

internal surfaces.

40. Lift - (L) - External pressure plus friction force exerted on the aircraft in a
direction normal to the wind direction in the plane of symmetrv,

41. Lip Suction Increment - Change in the external drag (usually a reduction) due to a

change in inlet airflow from baseline to operating conditions with the inlet operating
at zero external bleed flow.

42. Net Thrust (Fn) - (Uninstalled Net Thrust) - Uninstalled Gross Thrust minus the

ram drag (m ) of all engine air.

engvo

43. Nozzle Boattail - Closure on the nozzle from customer connect to nozzle exit

stations.

44, Nozzle Boattail Angle (g) - Chord Tine from nozzle exit to customer connect.

45. Mozzle Drag - (MNozzle of the nozzle boattail).

46. Operating Confiquration - Confiquration representing an actual aircraft operating

condition for which performance is being predicted.

47. Operatino Reference Configuration (Baseline or Datum Confiquration) -

Conficuration for which the drag polar is derived and from which all propulsinn
installation force increments are taken. Usually a function of flight Mach Number

only,
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BASIC DEFINITIONS (Cont'd)

48. Operating Reference Configuration Forces - The external forces and the additive

- forces at operating reference conditions resolved intec 1ift, drag, and side force
: components.
. 49. Operating Reference Confiquration Moments - The moments associated with external .

forces, the ram drag, the additive forces, and the aross thrust at operating reference
conditions resolved into pitching, vawing, and rolling moments.

50. Propulsion Air Stream - A1l exit streams used in the calculation of gross thrust,

Since the exact definition of this will vary from configuration to configuration (e.qg.
engine air used in iet flaps, or spanwise blowing) this must be well defined for each
i specific configuration.

51. Propulsive Force (F_) - (Installed Propulsive Force) Installed Net Thrust minus

all throttle dependent force increments.

52. Ram Drag (D

rate (meng)'

ram) ~ Product of the flight velocity (Vo) and the eraine air mass flow

- 53. Reference Capture Area (Aref) - The design capture area projected in the direction
of the inlet reference line. Used in inlet drag coefficient,

54. Reference Configuration - Aerodynamic reference configuration.

55. Scrubbing NDrag - Incremental force (pressure plus friction) in the wind directior
on all afterbody external surfaces between the zero nozzle flow condition and the . R
: operating condition. S
’ . s : i o
g 56. Side Force - Pressure plus friction force exerted on the aircraft in a direction
ff normal to the wind direction and normal to the plane of symmetry.
i 57. Spillage Drag - (nSpi11) - Incremental change in additive drag plus 1ip suction
- due to a change in inlet airflow from operating reference to operating conditions with
2 the inlet operating at zero external bleed flow.
- 104
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RASIC DEFINITIONS (Concluded)

58. Subsonic Duct Angle - (esd) - Equivalent cone expansion half angle of the subsonic
diffuser from the throat section to the compressor face station neglecting the engine

bullet nose.

59. Throat Area, Inlet (Af) - Minimum physical duct cross section area measured at

angle of minimum cross section {cannot occur in opening of bleed/bypass slots).

60. Throttle Dependent Exhaust Increments - Force and moment differences between

operating reference and operating exhaust system configuration which are allocated to
the propulsive force.

61. Throttle Dependent Fxternal Drag Increments (ADTD) - Throttle deperdent exhaust

drag increment plus the throttle dependent inlet drag increment,

62. Throttle Dependent Inlet Increments - Force and moment differences between the

operating inlet configurations which are allocated to the propulsive force.

63. Throttle Dependent Moments - The power setting dependent moment increments between

operating reference conditions.

4. Total Momentum - Sum of the momentum flux (velocity times mass flow rate %V) and

pressure forces (area times pressure increment above ambient A(P-PO)).

65. Trimmed Drag Polar - The drag polar of a series of configurations (due to varying

control surfaces) for which all moments are zero at each individual point.
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